1B). The B loop region (dark blue) has refolded into an ␣-helix, connecting the two original helices of the HA2 ectodomain into one coiled coil, with the fusion peptide (red) at its extreme N terminus. This conformational change is referred to as the spring-loaded conformational change (7) . Dramatic changes also occur at the C-terminal end of the original coiled coil. A region of six amino acids has unfolded to a loop (purple), and the helix C-terminal to the new loop has flipped to lie antiparallel to the coiled coil (orange). The crystal structure of a recombinant, slightly longer form of HA2 (Fig. 1B) shows that the region between the end of this helical hairpin structure and the transmembrane domain forms an extended chain that lies in the groove between helices of the N-terminal parallel coiled coil (Fig. 1B, light blue) . Hence, in the final low-pH state (Fig.  1B) , the transmembrane domain lies near the fusion peptide (9) .
The differences in structure between the native and low-pH forms of HA suggest a mechanism for fusion in which the head groups (Fig. 1A, gray) separate and then the spring-loaded conformational change occurs, moving the fusion peptides toward the target membrane. The fusion peptides embed in the target membrane, and the helix-to-loop conformational change then pulls the fusion peptide, and therefore the attached target membrane, toward the transmembrane domain (14, 29 ; see also the White laboratory website). Similar models have been advanced for other viral and cellular fusion proteins that contain coiled coils. Several sets of data have, however, been used to argue against the importance of the spring-loaded conformational change. First, head group separation was not detected when low pH was applied at low temperatures (0°C), even though fusion could occur under these conditions (26) . Furthermore, fusion at higher temperatures was shown to occur before head group separation was detected by electron microscopy (EM) (25) . Because it seems apparent that some head group separation is required for complete coiled-coil formation, it was argued that fusion occurs prior to the springloaded conformational change. These and other lines of evidence led to alternate models for HA fusion which do not require the spring-loaded conformational change (3, 5, 26) (see Discussion).
We previously showed that a mutant containing proline at residue 55 of the B loop was impaired for fusion, and mutant V55P/S71P, with two B-loop mutations, displayed no fusion (21) . Although these findings supported the importance of the spring-loaded conformational change, our prior study did not directly address coiled-coil formation and did not analyze critical conformational changes in HA2. Hence, the root cause for the fusion defects was not uncovered. Because of these limitations and because the role of the spring-loaded conformational change remains controversial (see Discussion), we further explored its function. We first substituted prolines for all of the residues in the B loop that are found at "a" and "d" positions in the final coiled coil; we also made two new double proline substitutions in this region. We asked the following three questions. Are any of the proline-substituted mutants impaired for fusion? If so, at what stage does this occur (i.e., critical conformational changes or target membrane interactions)? Do fusion-impaired mutants form complete coiled coils? None of the double mutants caused any fusion. Double mutant F63P/F70P was analyzed in detail. Like wild-type (WT) HA, F63P/F70P underwent key conformational changes, including head group separation and fusion peptide exposure, and bound tightly to target membranes. Several lines of evidence indicated, however, that, instead of forming a complete coiled coil, F63P/F70P formed a coiled coil that was only about one-half the length of that formed by the WT and that was splayed in its N-terminal half. Our results demonstrate that complete coiled-coil formation is not necessary for fusion peptide exposure and membrane binding but is crucial for fusion to progress from target membrane binding to membrane merger.
MATERIALS AND METHODS

Antibodies.
A rabbit polyclonal antibody to SHA2 was generated by Covance Laboratories (Vienna, Va.). The rabbit polyclonal CHA1 antibody and mouse monoclonal antibody (MAb) 12CA5 were as previously described (1, 30) . Mouse MAb LC89 was a gift from J. Skehel (National Institute for Medical Research, London, United Kingdom). The anti-fusion peptide rabbit polyclonal antibody, directed against the fusion peptide sequence of Japan HA, was a gift from L. Chernomordik (National Institutes of Health [NIH], Bethesda, Md.).
Mutagenesis. Mutants were generated from X:31 HA with the QuickChange site-directed mutagenesis kit (Stratagene). Approximately 300-bp segments of all mutant cDNAs were sequenced to determine the presence of the desired, and the absence of extraneous, mutations. F63P/F70P and I66P/V73P were sequenced in full.
Expression of WT and mutant HAs. HAs were expressed in CV-1 or NIH 3T3 cells by using the vaccinia virus T7 system as described previously (1) . For some transfections we used liposomes made of a 2:1 (mol/mol) ratio of PE (L-[a]-phospatidylethanolamine, dioleoyl [C18:1, cis-9]; Sigma Chemical Company)/ DDAB (dimethyldioctadecyl-ammonium bromide; Sigma) and extruded through a 0.05-m-pore-size membrane (Whatman Nuclepore) instead of the Mirus Transit reagent. For these transfections, 0.4 ml of Opti-MEM (Gibco) per 6-cm-diameter dish of cells was mixed with 1 to 5 g of plasmid DNA, 2 g of protamine sulfate (Sigma) (33) , and liposomes (70 g/ml, final concentration), incubated for 30 min at room temperature (RT), and then added to 1.5 ml of Opti-MEM on infected cells. Expression levels for the two transfection methods were comparable. Cells were harvested 18 to 24 h after transfection.
Cell lysis and release of GPI-HA. Cells expressing full-length HA were lysed in phosphate-buffered saline (PBS) containing 1% NP-40 and protease inhibitors as described previously (12) . Cells expressing glycosylphosphatidylinositol-linked HA (GPI-HA) were removed from the plate in PBS plus 0.5 mM (each) EDTA and EGTA, pelleted in a microcentrifuge, resuspended in 40 l of PBS containing protease inhibitors and 5 l of crude phosphatidylinositol phospholipase C (PIPLC) preparation (prepared as described in reference 16)/plate, and incubated at 37°C for 1 h to release the GPI-HA. Cells were pelleted, and the supernatant containing the released GPI-HA was collected.
Purification of PIPLC-released GPI-HA. CV-1 cells were transfected and treated with trypsin and PIPLC as described above. Supernatants from PIPLC digestions were treated with neuraminidase (NA; 1 mg/ml for 15 min at RT), and then applied to 5 to 25% sucrose gradients, which were centrifuged in a TLS55 The angle of splayed helices is not intended to be absolute; rather the disrupted region is predicted to be somewhat flexible. For all, HA1 is gray and HA2 is colored. Fusion peptides (red) in panels B and C have been drawn in. For all, the A region is green, the B region is dark blue, the C region is yellow, the kink (helix-to-loop) region is purple, the D region is orange, and the region C terminal of the D region is light blue. Beads from GPI-HA samples were washed three times with PBSN. Beads were suspended in sample buffer (Bio-Rad bulletin 9672) with 5% (vol/vol) ␤-mercaptoethanol, boiled, and separated by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-12% PAGE). Proteins were transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, N.H.), which were then blocked and probed as previously described (1) Conformational-change assays. WT and mutant GPI-HAs were expressed in CV-1 cells, treated with trypsin to activate HA0, biotinylated, and released with PIPLC. The pH of the samples was adjusted using a predetermined amount of HCl for 2 min at 37°C, and then the samples were reneutralized with NaOH. Samples were then immunoprecipitated with conformation-specific antibodies or Site A, a non-conformation-specific antibody, separated by SDS-PAGE, transferred to nitrocellulose, and detected with horseradish peroxidase-conjugated streptavidin.
Liposome binding. To prepare liposomes, phosphatidylcholine (PC)-cholesterol (at a 2:1 molar ratio) dissolved in chloroform was dried under a stream of nitrogen gas, lyophilized overnight, suspended in PBS, and then extruded through a 0.1-m-pore-size filter. PIPLC-released GPI-HA was mixed with liposomes, the pH was adjusted to 5.0 for 30 s at 37°C, and then samples were reneutralized. Samples were then analyzed on sucrose flotation gradients essentially as described previously (15) . Where specified, urea at a final concentration of 6 M or KI at a final concentration of 1 M was added after reneutralization. Centrifugation was carried out in a TLA-100 at 197,000 ϫ g for 90 min at 4°C. Gradient fractions were then analyzed for HA by SDS-PAGE and Western blotting with the CHA1 antibody.
RBC labeling and fusion. Human red blood cells (RBCs) were labeled with the lipid dye octadecylrhodamine (R18; Molecular Probes) and aqueous-content dye carboxyfluorescein (Molecular Probes) as previously described (18) , and static fusion assays were performed as previously described (1) . For examination of fusion kinetics, CV-1 cells grown on plastic coverslips were prepared and R18-labeled RBCs were bound as described above. Coverslips were assembled in a flow chamber (Warner Instrument Corp., Hamden, Conn.) on a temperaturecontrolled stage at 37°C. Fusion buffer prewarmed to 37°C was injected into the chamber, and images were collected at 20-s intervals. Fusion was quantitated using NIH Image software to integrate the intensity of fluorescence of a given number of RBCs (bound at a ratio of 1 to 3 RBCs/CV-1 cell) for each frame in the series of images.
NA-resistant RBC binding. NIH 3T3 cells were plated overnight in 3.5-cmdiameter polylysine-coated dishes and then transfected with WT HA or F63P/ F70P HA as described above. After 24 h, cells were trypsin treated to activate HA0 and returned to the incubator for 2 h. The cells were then treated with 0.1 mg of NA (type V from Clostridium perfringens; Sigma) for 10 min at RT to optimize RBC binding. R18-labeled RBCs were bound to the cells, and cells were incubated at neutral or low pH (pH 4.9 for 15 min at RT). Cells were treated with 0.5 mg of NA/ml for 10 min at RT to detach adhered, but not fused, RBCs. The cells were then directly squirted with buffer to remove unfused RBCs. Cells were imaged with a fluorescence microscope as described above.
Rosette formation. Purified PIPLC-released GPI-HA was incubated at pH 5.0 or 7.2 for 10 min at RT, and then acidified samples were reneutralized. Samples were applied to 5 to 25% sucrose gradients, which were centrifuged in a TLS55 rotor for 4 h at 200,000 ϫ g and 4°C. The gradients were fractionated and analyzed for HA with a spot blot (Mini-fold I; Schleicher & Schuell) and the CHA1 antibody.
EM. Purified PIPLC-released GPI-HA was mixed with liposomes (1:1 [mol/ mol] ratio of PC to cholesterol) that had been extruded through an 0.05-mpore-size membrane. The mixture was acidified to pH 5.0 for 5 min at RT and then reneutralized. Samples were applied to Formvar and carbon-coated copper grids, stained with 1% sodium silicotungstate (pH 7.0), and examined with a Philips 400 T transmission electron microscope operated at 80 keV.
Purification of SHA2. Mutant F63P/F70P was constructed with an Escherichia coli expression vector containing the coding sequence for a fragment of HA2 (SHA2, residues 33 to 127 of X:31 strain; gift from Y. K. Shin, University of California). Plasmids were transformed into E. coli BL21(DE3), which was grown in Luria broth containing ampicillin (75 g/ml), and induced with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside; Eppendorf, Westbury, N.Y.). The cells were harvested by centrifugation and then resuspended in 10 mM Na 2 HPO 4 , pH 7.0, containing protease inhibitors. The cell pellet was French pressed at 12,000 lb/in 2 two or three times. The crude cell extract was centrifuged to remove debris. The supernatant was applied to a DEAE-cellulose column (Sigma). The column containing WT SHA2 was washed with 150 mM NaCl, and then the protein was eluted with 600 mM NaCl. For F63P/F70P SHA2, the column was washed with 100 mM NaCl and then eluted with 150 mM NaCl. The peak fractions contained SHA2 were purified to greater than 95%.
CD. Purified SHA2 was concentrated and exchanged into 10 mM Na 2 HPO 4 , pH 7.0, with a Centricon (Millipore Corp., Bedford, Mass.; molecular weight cutoff, 10,000). Protein concentration, determined by bicinchoninic acid assay (Bio-Rad), was adjusted to 1.0 to 1.5 mg/ml. Circular dichroism (CD) measurements were taken with a J-720 spectropolarimeter (Jasco, Easton, Md.) and a 1-mm-path-length quartz cuvette. ␣-Helicity was calculated by using an average of three measurements of the CD signal at 222 nm. For samples scanned at pH 5.0, a predetermined amount of 1 M HCl was added immediately before the sample was scanned.
Thermolysin digestion of GPI-HA and SHA2. GPI-HA was released from transfected CV-1 cells as described above. Samples were either left at neutral pH or adjusted to pH 5. Thermolysin digestions were then carried out as described in the legend to Fig. 7 . Reactions were quenched with EDTA, and samples were analyzed by SDS-PAGE and Western blotting (with the SHA2 antibody).
SHA2 cross-linking. WT or F63P/F70P SHA2 (300 ng) was incubated with the indicated concentration of BS3 (bis[sulfosuccinimidyl]suberate; Pierce) for 30 min at RT in 10 mM Na 2 HPO 4 , pH 7.0. Samples were then boiled in SDScontaining sample buffer, and proteins were separated by SDS-15% PAGE followed by Western blotting (1) with the SHA2 antibody.
Standard assays. Trypsin treatment of cells to cleave HA0 to HA1 and HA2 was performed as previously described (1), except that 5 g of trypsin/ml was used, and trypsin was quenched with 1% fetal bovine serum. Cell surface proteins were biotinylated by incubation with 0.5 mg of sulfo-N-hydroxysuccinimide-LCbiotin (Pierce, Rockford, Ill.)/ml in PBS for 15 min at 37°C. Cells were washed three times with PBS to remove excess biotin. Sucrose gradient analysis of trimer formation was performed as described previously (21) except that PBS was used in place of MES (morpholineethanesulfonic acid)-saline, and centrifugation was done at 200,000 ϫ g for 5 h at 4°C in a TLS55 rotor. Fluorescence-activated cell sorter (FACS) analysis and production of modified vaccinia virus Ankara were as previously described (1) . HA crystal structures (Fig. 1, 9C , and 10C) were downloaded from the Protein Database, displayed in Rasmol (23) , and modified with Adobe Photoshop. Figure 10C was made with the program Protein Explorer.
RESULTS
To explore whether the spring-loaded conformational change is necessary for fusion and, if so, for what aspect of fusion, we substituted proline at all "a" and "d" positions of the B loop region of HA (Fig. 1A and B) . We also made two new double-proline substitutions. The mutants were tested for fusion activity (lipid mixing and content mixing) and for key conformational changes, including head group separation, fusion peptide exposure, the helix-to-loop transition, and hydrophobic attachment of HA to target membranes. We also analyzed the structures of several mutants for protease sensitivity and rosette formation, and by CD and EM.
Expression and processing. The new mutants are T59P, F63P, I66P, F70P, V73P, I77P, F63P/F70P, and I66P/V73P (Fig. 1A and B) . All mutants were expressed at approximately the same level and, upon treatment with trypsin but not chymotrypsin, were cleaved ( Fig. 2A) . All mutants migrated to the same position of a sucrose gradient as WT HA, indicating that they all form trimers (Fig. 2B) .
Fusion activity. After exposure to pH 5.0 for 10 min at RT, cells expressing all single-proline-substitution mutants, except T59P, showed an extent of fusion similar to that for the WT as judged by profiles of the diffusion of lipid and content fluores-cent probes into cells (Fig. 3A and C) . When cells expressing T59P were reacidified for an additional 10 min at 37°C, however, they showed a large amount of dye transfer (Fig. 3C) .
We scrutinized the time course of fusion of the B loop mutants using video microscopy. T59P HA promotes fusion, but with a longer lag time than the WT and with a reduced rate and extent, similar to the previously described V55P HA (21) (Fig. 3B) . Although the extent of fusion mediated by T59P HA was variable (compare Fig. 3B and C) , in all experiments its lag time before fusion was increased and its rate of fusion was decreased. Cells transfected with either of double point mutants F63P/F70P and I66P/V73P showed no fusion after 10 min at pH 5 and RT or after an additional 10 min at pH 5 and 37°C, similar to those transfected with V55P/S71P (21) (Fig. 3C) . No fusion was seen with the double mutants even if they were left for 30 min at pH 5 and 37°C (unpublished observations). To determine whether the double mutants caused restricted hemifusion, we added 0.5 mM chlorpromazine (CPZ) after exposure to low pH (1). CPZ did not promote fusion for the mutants tested, F63P/F70P and I66P/V73P (unpublished observations).
Conformational changes. Since the two new double mutants, F63P/F70P and I66P/V73P, showed no fusion activity, we analyzed their ability to undergo key conformational changes. We tested for separation of the head groups by monitoring exposure of the epitope for the 12CA5 MAb (30), for exposure of the helix-to-loop region (HA2 106-112) with the LC89 MAb (28), and for exposure of the fusion peptides using an antifusion peptide antibody (30) . Soluble ectodomains of WT and mutant HA were adjusted to various pH values for 2 min at 37°C, reneutralized, and then immunoprecipitated. All of the mutants analyzed were precipitated with MAb 12CA5 (Fig.  4A ), MAb LC89 (Fig. 4B) , and the fusion peptide antibody (Fig. 4C) with a pH dependence similar to that for WT HA.
Hydrophobic binding of HA to target membranes. Because the fusion peptides might be exposed but unable to bind to target membranes, we tested F63P/F70P for its ability to bind to liposomes after exposure to low pH using a liposome flotation assay. F63P/F70P HA associated with liposomes as well as WT HA at pH 5 (Fig. 5) . Moreover, like that of WT HA, binding of F63P/F70P HA to liposomes was resistant to exposure to 6 M urea or 1 M KI.
We also tested the ability of the full-length, membraneanchored, F63P/F70P mutant to bind RBCs through the fusion peptide by an NA resistance assay (10) . HA initially binds RBCs through an interaction with sialic acid on the surfaces of RBCs. We bound RBCs to NIH 3T3 cells expressing WT and F63P/F70P HA. If these cells were not acidified but were treated with NA to remove sialic acid from the RBCs, most of the RBCs were easily washed away (Fig. 6, first [left] column). Upon acidification, WT HA caused the RBCs to fuse with the HA-expressing cells (Fig. 6, second column) , and therefore they could not be removed by NA treatment. The RBCs were not released after NA treatment of low-pH-treated cells expressing F63P/F70P HA (Fig. 6, fourth column) . As a control, we verified that this NA treatment removed RBCs from cells expressing the HA0 form of F63P/F70P after low-pH treatment (data not shown).
Coiled-coil formation. Fusion-incompetent mutant F63P/ F70P clearly underwent key conformational changes (head group separation, fusion peptide exposure, and exposure of the helix-to-loop region) and clearly bound strongly to target membranes, yet it did not cause fusion. We therefore used several different methods to test whether it forms a complete coiled coil. The F63P and F70P mutations were introduced into recombinant fragment SHA2, which represents residues 33 to 127 of HA2. While this mutant formed trimers (Fig.  7A) , presumably through coiled-coil interactions, CD analysis showed reduced ␣-helicity compared to that for the WT at both pH 7 and 5 (Fig. 7B) . We predicted that this mutant would not form a complete and stable coiled coil but rather that the ␣-helices would be splayed at the N terminus. To test this hypothesis, WT and F63P/F70P SHA2 were treated with thermolysin (1 g of thermolysin/40-l reaction volume; conditions corresponding to lanes 3 and 6 in Fig. 7C ) and then were subjected to N-terminal sequence analysis. The major sequence for WT SHA2 was LKSTQAAIDQ, which corresponds to the HA2 sequence beginning at residue 38. For F63P/F70P SHA2, the major sequence was IEKEPSEVEG, which corresponds to the HA2 sequence beginning at residue 66; a minor sequence VIEKTNEKPH, which corresponds to the HA2 sequence beginning at residue 55, was also observed. To assess whether the coiled coil of F63P/F70P HA is less stable than that of WT HA in intact HA, the thermolysin sensitivities of the WT and F63P/F70P HA ectodomains were also compared. When low-pH-treated WT and F63P/F70P HA ectodomains were treated with increasing concentrations of thermolysin (Fig. 7D) , WT HA2 was resistant to digestion at the highest concentration tested, while 10-fold-less thermolysin was sufficient to digest F63P/F70P HA2. In a complementary experiment (Fig. 7E) , a more stringent thermolysin treatment resulted in digestion of WT HA2 at 10 g of thermolysin/30-l reaction volume. F63P/F70P HA2 was digested with 100-foldless thermolysin. Fusion-competent mutant F63P showed, however, the same sensitivity to thermolysin digestion as WT HA2. The faint bands seen in Fig. 7E , right lane, for WT and F63P HA2 are approximately the size of that for TBHA2, the stable core of HA2. A truncated form of F63P/F70P would not have appeared on these gels (Fig. 7E legend provides details) . Together, these data suggest that the fusion-active F63P HA, like WT HA, is able to form a complete coiled coil, while the fusion-incompetent F63P/F70P HA forms an incomplete coiled coil that is disrupted at its N terminus, primarily above residue 66 (Fig. 1C) .
If F63P/F70P HA does not form a complete coiled coil, the fusion peptides of the trimer are not in close contact with each other, and therefore this mutant may not be able to form rosettes, aggregates of HA trimers formed through hydrophobic interactions of the N-terminal fusion peptides. F63P/F70P and F63P (which causes fusion like WT HA) were tested for the ability to form rosettes. At pH 7, F63P HA ran in the middle of the gradient (Fig. 8A) , similar to WT HA (unpublished observations). After low-pH treatment, F63P HA ran at a lower position, similar to low-pH-treated WT HA (Fig. 8A) . In contrast, after exposure to low pH, F63P/F70P HA ran at the position of the original trimer, rather than as an aggregate. EM was also used to examine WT and F63P/F70P HA ectodomains after acidification. WT HA formed rosettes, while F63P/ F70P did not ( Fig. 8B and C) .
If the coiled coil of F63P/F70P is splayed at its N terminus, a further prediction is that, after liposome binding, the spikes of F63P/F70P will be much shorter than those of WT HA. Based on the crystal structure of HA2 and our sequence analysis of thermolysin-digested F73P/F70P, the F63P/F70P HA spikes were predicted to be ϳ55 Å, about one-half the length of WT spikes. To test this, purified F63P/F70P and WT HA ectodomains were mixed with liposomes and the mixtures were exposed to low pH and examined by EM. WT HA formed spikes that were measured to be 82.0 Ϯ 22.5 Å, while F63P/ F70P HA bound to liposomes as short spikes that were measured to be 48.9 Ϯ 14.9 Å (Fig. 9A and B) A diagrammatic representation of how WT HA and F63P/F70P HA could bind to liposomes is shown in Fig. 9C . The observed length of the F63P/F70P spike, coupled with the fact that it is recognized by the LC89 antibody (Fig. 4B) , suggests that the helix-to-loop change (Fig. 1, purple) has occurred in this fusion-incompetent mutant (Fig. 1C and 9C) . FIG. 4 . Conformational changes. GPI-HA-expressing CV-1 cells were processed for conformational-change assays with the indicated antibody as described in Materials and Methods. The 12CA5 epitope is in the interface between the HA1 head groups, the LC89 epitope is the helix-to-loop region of HA2 (residues 106 to 113) (28) , and the anti-FP epitope is the HA fusion peptide. The Site A MAb, which is not conformation specific, was used as a control. 
DISCUSSION
We previously suggested, based on two proline mutants (V55P and V55P/S71P), that the spring-loaded conformational change of influenza virus HA, the B loop-to-helix transition, is required for fusion (21) . We did not, however, uncover the basis for the fusion defect of either mutant, and the role of the spring-loaded conformational change has remained controversial (5, 13, 25) . We have now made a complete set of eight proline substitutions at all "a" and "d" positions of the B region of the final coiled coil (Fig. 1A and B) . Among mutants with these substitutions, V55P and T59P are impaired for fusion and all three double-proline-substitution mutants that are expressed at the cell surface (V55P/S71P, F63P/F70P, and I66P/V73P) display no fusion activity, either lipid or content mixing. A thorough biochemical analysis of F63P/F70P revealed that it undergoes key low-pH-induced conformational changes including fusion peptide exposure and hydrophobic binding to target membranes.
Several lines of evidence, including N-terminal sequence analysis and EM observations, indicate that F63P/F70P does not form a coiled coil in the N-terminal half of its HA2 subunit. These observations coupled with the fact that prolines in "a" and "d" positions tend to splay helices away from the center of the coiled coil (32) support the notion that the coiled coil of F63P/F70P is splayed in its N-terminal half. Because F63P/F70P does not cause any fusion but is fully competent to bind to target membranes, there must be a role for the complete coiled coil, especially its N-terminal half, beyond simply presenting the fusion peptides to the target membrane. Our current working model is that tension created by binding the C-terminal extended regions into the grooves between the helices of the N-terminal half of the coiled coil drives fusion. The disruption of the membraneproximal region of the six-stranded bundle that occurs in the case of F63P/F70P would then prevent fusion but not target membrane binding because it is unable to provide the needed tension. Other non-mutually exclusive possibilities are that the mutations prevent the fusion peptides from one trimer from coming into close proximity and that they prevent higher-order clustering of HA trimers at the fusion site (4, 11) . Implications for models of HA-mediated fusion. For viral fusion proteins, fusion could be driven by destabilization of the membranes by the fusion peptide, by energy released by the spring-loaded conformational change or other conformational changes, or by some combination of the two. Models for HAmediated fusion that do not require the spring-loaded conformational change but rather rely primarily on the fusion peptide have been proposed (3, 5, 26) . Our findings, however, argue strongly that binding of the fusion peptides to the target membrane is not sufficient. Fusion-incompetent mutant F63P/F70P protrudes ϳ55 Å from the surfaces of liposomes (Fig. 9) , suggesting that during aborted fusion it could bring two membranes within 55 Å of each other (Fig. 10B) . The approximate width of native HA at the level of the fusion peptides is 55 Å, Residue colors are as follows: basic residues, blue; acidic residues, red; tyrosines involved in cation-pi interactions, green; hydrophobic residues, yellow. Salt bridges and cation-pi interactions were predicted from the protein database file 1QU1 by the program Protein Explorer, and interactions not involved in contacts between the coiled coil and residues 112 to 185 are shown in the same color as the region in which they are found.
which is, therefore, the distance between the membranes immediately before fusion predicted by the model in reference 26. The lack of lipid mixing with F63P/F70P, even after long periods of low-pH incubation, indicates that even hemifusion (Fig. 10A, step 5 ) requires more than simple proximity of the membranes in the presence of bound fusion peptides Our results with F63P/F70P support models in which conformational changes in HA drive fusion. In one group of HA fusion models which invoke the spring-loaded conformational change, this change, the B loop-to-helix transition, is proposed to be the major driving force for mediating the lipid mixing stage of fusion (2, 17) . However, in our model 14, 29; see also the White laboratory website) (Fig. 10 shows the revised version), the spring-loaded conformational change is required, but is not sufficient, for fusion. We propose that binding the C terminus of the HA2 ectodomain (residues 113 to 175; orange and light blue in Fig. 1 and 10 ) to the grooves of the N-terminal coiled coil creates the tension needed to pull the membranes together. Transition to the final low-pH form would then provide the energy for the first stage of fusion, outer leaflet lipid mixing (Fig. 10A, step 5 ). Antiparallel packing of the D helix (orange in Fig. 1 and 10 ) against the coiled coil is likely not sufficient to drive lipid mixing, since these interactions probably occur in F63P/F70P ( Fig. 9 and 10B ; see also Results). We further propose that transition from hemifusion to the fusion pore (Fig. 10A, step 6 ) depends, in part, on subsequent action of the fusion peptide (20) and the transmembrane domain (1) on the hemifusion diaphragm (Fig. 10A, step 6 ).
An examination of interactions between the coiled coil and the C-terminal end of the HA2 ectodomain (residues 113 to 175) reveals five salt bridges and three cation-pi interactions per monomer of HA (Fig. 10C) . Given an estimate of Ϫ5 kcal/mol per salt bridge (24), the energy to form 15 salt bridges (in one trimer) is Ϫ75 kcal/mol, similar to the estimated energy of formation of the coiled coil (Ϫ30 to Ϫ60 kcal/mol) (2). Additional sources of energy could come from other types of interactions along the outside surface of the coiled coil (e.g., the cation-pi interactions, hydrogen bonding, and hydrophobic interactions [9] ).
Relation to other coiled-coil viral fusion proteins. The possibility that the inability of F63P/F70P to form a tight sixstranded bundle in its membrane-proximal region leads to loss of tension to drive fusion has analogies with results for other viral fusion proteins that employ coiled coils and six-helix bundle formation. It has been shown for human immunodeficiency virus type 1 (HIV-1) Env and simian virus 5 (SV5) F that the six-helix bundle is necessary for fusion (19, 22) . For HIV-1 Env, the transition to this bundle, not just its presence, is believed to provide the energy to drive fusion. For HA, only a small portion of the C-terminal region, which binds to the coiled coil, is helical; the rest is extended in an approximately polyproline type II conformation (9) and binds in the groove between the helices of the coiled coil. The combination of this extended region and the short helical region may therefore be functionally equivalent to the C-terminal helix of HIV-1 Env, which also binds in the groove between the helices of the coiled coil (27) . The homologous C-terminal region of the SV5 F protein is also largely helical, although the membrane-proximal segment is missing from the structure, and therefore is of unknown structure. Other viral coiled-coil fusion proteins contain a combination of extended and helical structures in their C-terminal regions. Human T-cell leukemia virus type 1 gp21, for example, is primarily extended in this region and contains only a short helical section. Despite their morphological variety, the C-terminal regions of the ectodomains of all of these different fusion proteins may serve the same function: to bind to the coiled coil and thereby provide tension to drive fusion.
